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ABSTRACT 
An e x p e r i m e n t a l  i n v e s t i g a t i o n  was c o n d u c t e d  t o  d e t e r m i n e  t h e  e f f e c t  o f  n o z z l e  c o n f i g u r a t i o n  o n  
t h e  o p e r a t i n g  c h a r a c t e r i s t i c s  o f  a l o w  power dc a r c j e t  t h r u s t e r .  A c o n i c a l  n o z z l e  w i t h  a 30" con -  
0 v e r g i n g  a n g l e ,  a 20" d i v e r g i n g  a n g l e ,  and  an a r e a  r a t i o  o f  2 2 5  s e r v e d  as t h e  b a s e l i n e  c a s e  f o r  t h e  
d s t u d y .  V d t - i a t i o n s  o n  t h e  g e o m e t r y  i n c l u d e d  b e l l - s h a p e d  c o n t o u r s  b o t h  up and downs t ream,  and a down- 




a n t i c i p a t e d  foi. o n - o r b i t  o p e r a t i o n .  Mass f l o w  r a t e .  t h r u s t ,  c u r r e n t ,  and  v o l  t a g e  were  m o n i t o r e d  t o  
p r o v i d e  a c c u r a t e  c o m p a r i s o n s  be tween  n o z z l e s .  The u p s t r e a m  c o n t o u r  was f o u n d  t o  h a v e  m i n i m a l  e f f e c t  
on a r c j e t  o p e r a t i o n .  I t  wa5 d e t e r m i n e d  t h a t  t h e  c o n t o u r  o f  t h e  d i v e r g e n t  s e c t i o n  o f  t h e  n o z z l e ,  t h a t  
s e r v e s  as t h e  anode ,  was v e r y  i m p o r t a n t  i n  d e t e r m i n i n g  t h e  l o c a t i o n  o f  a r c  a t t a c h m e n t ,  and t h u s  h a d  a 
s i g n i f i c a n t  i m p a c t  o n  a r c j e t  p e r f o r m a n c e .  The c o n i c a l  n o z z l e  was j u d g e d  t o  h a v e  t h e  o p t i m a l  c u r r e n t /  
v o l t a g e  c h a r a c t e r i s t i c s  and p r o d u c e d  t h e  b e s t  p e r f o r m a n c e  o f  t h e  n o z z l e s  t e s t e d .  
INTRODUCTION 
Low powered  d c  a r c j e t  t h r u s t e r s  were f i r s t  p r o p o s e d  f o r  space  p r o p u l s i o n  i n  t h e  m i d - 1 9 5 0 ' s  and  
a s u b s e q u e n t  NASA-sponsored r e s e a r c h  and d e v e l o p m e n t  p r o g r a m  c o n t i n u e d  i n t o  t h e  e a r l y  1 9 6 0 ' s .  T h i s  
e f f o r t  c u l m i n a t e d  i n  t h e  s u c c e s s f u l ,  u n i n t e r r u p t e d  l i f e t e s t i n g  o f  a 2 kW h y d r o g e n  a r c j e t  a t  t h e  
P lasmadyne  C o r p o r a t i o n 1  and i n  t h e  m a n u f a c t u r e  o f  a 1 kW h y d r o g e n  a r c j e t  f l i g h t  s y s t e m  d e s i g n e d  f o r  
t h e  Space E l e c t r i c  R o c k e t  T e s t  (SERT) p r 0 g r a m . ~ 1 3  T h i s  u n i t  was n e v e r  f l o w n  and  g r o u n d  t e s t  r e s u l t s  
i n d i c a t e d  u n a c c e p t a b l e  e l e c t r o d e  e r o s i o n .  P r o p e l l a n t s  o t h e r  t h a n  h y d r o g e n  were  t r i e d  w i t h  t h e  1 kW 
e n g i n e  w i t h  s i m i l a r  r e s u l t s .  A r e v i e w  o f  t h e  e a r l y  a r c j e t  p r o g r a m  t h a t  i n c l u d e s  t e s t  r e s u l t s  of t h e  
1 a n d  2 kW t h r u s t e r s  was p u b l i s h e d  b y  W a l l n e r  and  C z i k a  i n  1 9 6 5 . 4  A f t e r  t h e  e a r l y  1 9 6 0 ' s .  i n t e r e s t  
i n  a r c j e t s  waned and  t h e r e  was n o  s e r i o u s  d e v e l o p m e n t  f o r  t h e  n e x t  20 y e a r s .  
I n  r e c e n t  y e a r s .  t h ?  need f o r  i n c r e a s e d  s p a c e c r a f t  l i f e  has d r i v e n  a r e e v a l u a t i o n  o f  t h e  p r a c t i -  
c a l i t y  o f  a r c j e t s  f o r  m i s s i o n s  such as n o r t h - s o u t h  s t a t i o n k e e p i n y  (NSSK) o n  g e o s y n c h r o n o u s  communica- 
t i o n s  s a t e l l i t e s .  The use  o f  a r c j e t s  i s  p a r t i c u l a r l y  t i m e l y  g i v e n  t h e  p r o j e c t i o n s  o f  i n c r e a s e d  
e l e c t r i c a l  powel- a v a i l a b l e  f a r  u s e  i n  p r o p u l s i o n  ( 3  t o  5 kW) o n  1 9 9 0 ' s  s a t e l l i t e s .  The o n g o i n g  NASA-  
s p o n s o r e d  resear-c h p r o g r i m ,  r e s t a r t e d  i n  1983 ,  has d e m o n s t r a t e d  s t a b l e ,  n o n d e s t r u c t i v e  o p e r a t i o n  o f  
low power ( 1  to 2 kW) a r c j e t  t h r u s t e r s  on s t o r a b l e  p r o p e l l a n t s ,  o r  m i x t u r e s  s i i n u l a t i n q  t h e i r  decompo- 
s i t i o n  p r o d u c t s ,  o v e r  a w i d e  r a n q e  o f  mass f l ow  r a t e . 5 - 1 3  P e r f o r m a n c e  
c a t e d  t h a t  s p e c i t i c  i m p u l s e  v a l u e s  o f  more t h a n  450 sec can  be e x p e c t e d  
t y p i c a l  o f  NSSK miss i i ;n  ~ c e n a i i o s . ~ ~ ~ ~ ~  I n  a d d i t i o n ,  a l o n g  t e r m ,  c y c l  
t o  d e m o n s t r a t e  r e l i a b i l i  t y I 6  has been p e r f o r m e d  and  t h e  e f f e c t s  o f  b o t h  
t r o m a g n e t  ic: i n t e r f e r e n c e  ( E M I )  a r e  u n d e r  i n v e s t i g a t i o n .  
W h i l e  t h e  c u r r e n t  t e s t  p r o g r a m  i n d i c a t e s  t h a t  t h e  low power a r c j e t  
b a s i c  r e s e a r c h  a imed  a t  i m p r o v i n g  t h e  o v e r a l l  o p e r a t i n g  c h a r a c t e r i s t i c s  
t h i s  r e s e a r c h  i s  t h e  o p t i m i z a t i o n  o f  n o z z l e  c o n f i g u r a t i o n .  I n  t h e  p a s t  
m e n t a l  s t u d i e s  h a v e  been u n d e r t a k e n  i n  an a t t e m p t  t o  q a i n  b e t t e r  u n d e r s  
a t a  f rom t h i s " w o r k  h a v e  i n d i -  
f o r  power  and  mass f l ow  r a t e s  
c ,  a u t o m a t e d  a r c ' e t  l i f e t e s t  
p l u m e  i m p a c t ~ ~ ~ , ~ ~  and e l e c -  
i s  n e a r i n g  f l i g h t  r e a d i n e s s ,  
a l s o  c o n t i n u e s .  One g o a l  o f  
many a n a l y t i c a l  and e x p e r i -  
a n d i n g  o f  n o z z l e  e f f e c t s  o n  
f l o w s  c h a r a c t e r i z e d  b y  low R e y n o l d s  numbers (Re)  t y p i c a l  o f  a r c j e t  t h r u s t e r s  ( t1000)  ( s e e ,  fo r  
e x a m p l e ,  R e f s .  19 t o  2 6 ) .  E a r l y  work  b y  S p i s z ,  e t  a l . , I g  examined  h e a t e d  h y d r o g e n  f l ow  i n  c o n i c a l  
(20" d i v e r g e n c e  a n g l e )  n o z z l e s  w i t h  v a r y i n g  a r e a  r a t i o s .  The r e s u l t s  showed t h a t  a t  Re o f  a b o u t  
500, t h e  t h r u s t  c o e f f i c i e n t  r e a c h e d  a maximum a t  a l o w  a r e a  r a t i o  ( - 6 ) .  A more  e x t e n s i v e  examina -  
t ion20 i n c l u d e d  h y d r o g e n  and  n i t r o g e n  as p r o p e l l d n t s  w i t h  v a r i a t i o n s  i n  n o z z l e  shape,  cone a n g l e  and  
*Summer S t u d e n t  I n t e r n  a t  NASA L e w i s  R e s e a r c h  C e n t e r .  
a r e a  r a t i o .  H e r e  c a l c u l a t i o n s  and  e x p e r i m e n t s  showed a s l i g h t  e f f i c i e n c y  a d v a n t a g e  f o r  a t r u m p e t  
shape compared t o  a b e l l  and  cone shape .  A 20 "  cone  was j u d y e d  b e t t e r  t h a n  cones  o f  IO" and 3 5 " .  
For- a 20 "  c o n i c d l  n o z z l e ,  t h e  s m a l l e s t  a r e a  r a t i o  t e s t e d  ( 2 0 )  gave  t h e  b e s t  r e s u l t s  i n  ag reemen t  w i t h  
t h e  p r e v i u u s  s t u d y .  I n  1971 ,  Rae d e s c r i b e d  a n  i m p l i c i t  f i n i t e  d i f f e r e n c i n g  scheme f o r  s o l v i n g  t h e  
s l e n d e r  c h a n n e l  e q u a t i o n s  t o  model  low Re f lows for s m a l l  r o c k e t s . 2 1  H i s  r e s u l t s  s u g g e s t e d  t h a t  w i d e  
d i v e r g e n c e  a n g l e s  and  l o w  a r e a  r a t i o s  s h o u l d  b e  emp loyed  t o  o p t i m i z e  p e r f o r m a n c e .  The r e s u l t s  a l s o  
i n d i c a t e d  t h a t  s m a l l  a n g l e s  c o u l d  l e a d  t o  c a s e s  i n  w h i c h  s u p e r s o n i c  f l ow  w o u l d  not  be p r e s e n t  ( i . e . ,  
v i s c o u s  l a y e r  d o m i n a t e d  f l o w ) .  K a l l i s ,  e t  a l . ,  u s e d  a s l i g h t l y  m o d i f i e d  v e r s i o n  o f  R a e ' s  f o r m u l a t i o n  
t o  a n a l y z e  t h e  p e r f o r m a n c e  o f  b i o w a s t e  r e s i s t o j e t s . 2 2  I n  t h i s  s t u d y ,  p e r f o r m a n c e  p r e d i c t i o n s  com- 
p a r e d  r e a s o n a b l y  w i t h  e x p e r i m e n t a l  r e s u l t s .  I n  p e r h a p s  t h e  m o s t  f u n d a m e n t a l  e x p e r i m e n t a l  a n a l y s i s  
t o  d a t e ,  R o t h e  s t u d i e d  low Re (100 t o  1000)  f l o w s  i n  a 20"  c o n i c a l  n o z z l e  u s i n g  e l e c t r o n  beam f l u o -  
r e s c e n c e  t e c h n i q u e s . 2 3  
o f  a b o u t  300  and  t h a t  a s u p e r s o n i c  b u b b l e  can  o c c u r  i n  f l o w s  a t  R e  a p p r o x i m a t e l y  e q u a l  t o  100. 
K u l u v a  and  Hosack d e v e l o p e d  a s i m p l e  f o r m u l a  for  t h e  c a l c u l a t i o n  o f  n o z z l e  d i s c h a r g e   coefficient^^^ 
u s i n g  a b o u n d a r y  l a y e r  a n a l y s i s .  T h e i r  a n a l y s i s  s u g g e s t e d  t h a t  t h e  c u r v a t u r e  o f  t h e  t h r o a t  i s  i m p o r -  
t a n t  a t  Re n e a r  200 and  t h a t  a t  Re a t  and b e l o w  50. t h e  v i s c o u s  l a y e r  can  f i l l  t h e  e n t i r e  t h r o a t .  
Gas t e m p e r a t u r e  a n d  d e n s i t y  measurements i n d i c a t e d  f u l l y  v i s c o u s  f l o w  fo r  Re 
Gas dynamic  l d s e r s  emp loy  n o z z l e s  s i m i l a r  t o  t h o s e  used  fo r  space  p r o p u l s i o n .  I n  1976,  C l i n e  
d e v e l o  ed a c o d e  known as  VNAP ( V i s c o u s  N o z z l e  A n a l y s i s  P rog ram)  t o  c a l c u l a t e  f low i n  such  noz -  
z l e ~ . ~ !  C l i n e  i n o d i f i e d  an e x i s t i n g  i n v i s c i d  code  u t i l i z i n g  t h e  e x p l i c i t  MacCormack n u m e r i c a l  scheme 
t o  s o l v e  t h e  v i s c o u s  e q u a t i o n s .  T h i s  f o r m u l a t i o n  i s  w i d e l y  a p p l i e d  and was r e c e n t l y  u s e d  as a t o o l  
i n  t h e  o p t i m i z a t i o n  o f  a f l i g h t - t y p e  a r c j e t  n o z z l e . 8  R e c e n t l y ,  Penko has d e v e l o p e d  an i m p l i c i t  code  
t o  s o l v e  t h e  N a v i e r - S t o k e s  e q u a t i o n s  i n  c o n s e r v a t i v e  form f o r  t h e  a n a l y s i s  o f  low Re c o m p r e s s i b l e  
f l o w . 2 6  T h i s  p r e d i c t s  t h e  s u p e r s o n i c  " b u b b l e "  phenomena o b s e r v e d  b y  R ~ t h e . ~ ~  
W h i l e  t h e  s t u d i e s  d i s c u s s e d  above  h a v e  been h e l p f u l  i n  u n d e r s t a n d i n g  n o z z l e  f l o w  phenomena i n  
s m a l l  r e s i s t o j e t  t h r u s t e r s ,  t h e y  S e r v e  o n l y  as a s t a r t i n g  p o i n t  f o r  n o z z l e  o p t i m i z a t i o n  i n  a r c j e t  
t h r u s t e r r .  A c t u a l l y ,  t h r e e  i n t e r d e p e n d e n t  phenomena m u s t  be i n c l u d e d  fo r  a c o m p l e t e  n o z z l e  a n a l y s i s .  
F i r - s t  i s  t h e  a r c  e n e r y y  a d d i t i o n  p r o c e s s  w h i c h  b o t h  h e a t s  t h e  gas i n  t h e  sub - ,  t r a n s - ,  and  s u p e r s o n i c  
r e g i o n s  and causes  e x c i t a t i o n ,  i o n i z a t i o n ,  and  d i s s o c i a t i o n .  Second ,  t h e  p o s i t i o n  and c h a r a c t e r i s -  
t i c s  of  t h e  a r c  a t t a c h m e n t  zones  a f f e c t  a r c  s t a b i l i t y ,  l e n g t h  and  t h e  o v e r a l l  t h e r m a l  e f f i c i e n c y  o f  
t h e  d e v i c e ,  i n  a d d i t i o n  t o  l o c a l  e l e c t r o d e  h e a t i n g  and e r o s i o n .  These phenomena a r e  d e p e n d e n t  o n  
mass f l o w  r a t e ,  t o t a l  c u r r e n t  and  g e o m e t r y .  T h i r d ,  p r o p e l l a n t  s w i r l  m u s t  b e  c o n s i d e r e d .  S w i r l  o f  
t h e  f l ow  i s  i n t r o d u c e d  t o  r e d u c e  s t a r t i n g  t r a n s i e n t s  and t o  i m p r o v e  s t e a d y  s t a t e  o p e r a t i o n a l  s t a b i l -  
i t y .  E a r l y  e f f o r t s  t o  inodel t h e  a r c  h e a t i n g  p r o c e s s  i n  t h e  c o n s t r i c t o r  o f  t h e  a r c j e t  were  made b y  a 
number o f   author^.*^-^^ 
s t r i c t e d  a r c  i n  a f l ow  f i e l d  t h d t  i n c l u d e d  weak s w i r l .  None o f  t h e s e  m o d e l s ,  h o w e v e r ,  d e a l t  w i t h  
phenomend o c c u r r i n g  anywhere  b u t  i n  t h e  t h r o a t  r e g i o n .  V e r y  r e c e n t l y ,  r e s e a r c h  a imed  a t  m o d e l i n g  t h e  
e n t i r e  l o w  power a r c j e t  f l o w  f i e l d  b e g a 1 1 , ~ ~ - 3 ~  b u t  has  n o t  y e t  p r o d u c e d  u s e f u l  d e s i g n  t o o l s  f o r  a r c -  
j e t  a n d l y s i s .  
i n g  o f  n o z z l e  g e o m e t r y  o n  a r c j e t  o p e r a t i o n .  I n  t h i s  p r o g r a m ,  a number o f  n o z z l e  c o n f i g u r a t i o n s  w e r e  
t e s t e d  a t  power l e v e l s  b e t w e e n  0 . 7  and  1 . 5  kW u s i n g  a m o d u l a r  a r c j e t  t h r u s t e r .  H y d r o g e n l n i t r o g e n  
m i x t u r e s  were  used  t o  s i m u l a t e  t h e  d e c o m p o s i t i o n  p r o d u c t s  o f  h y d r a z i n e  a t  mass f l o w  r a t e s  t y p i c a l  o f  
a b lowdown s y s t e m  o n  a c o m m u n i c a t i o n s  s a t e l l i t e .  
L a t e r ,  b o t h  N e u b e r g e r 3 1  1 3 2  and  S ~ h a e f f e r ~ ~  d e v e l o p e d  codes  t o  model  a con-  
T h i s  r e p o r t  d e s c r i b e s  t h e  r e s u l t s  o f  a n  e x p e r i m e n t a l  p r o g r a m  d e s i g n e d  t o  i m p r o v e  t h e  u n d e r s t a n d -  
APPARATUS 
ARCJET THRUSTER 
An a r c j e t  t h r u s t e r  o f  t h e  c o n v e n t i o n a l  c o n s t r i c t e d  a r c  d e s i g n  was used  i n  each  n o z z l e  t e s t .  A 
c r o s s - s e c t i o n a l  s c h e m a t i c  o f  t h i s  t y p e  o f  t h r u s t e r  w i t h  t h e  b a s e l i n e  c o n i c a l  n o z z l e  i n s e r t  
( d e s c r i b e d  i n  t h e  n e x t  s e c t i o n )  i n  p l a c e  i s  shown i n  F i g .  1 .  
The c a t h o d e  was made from a 2 p e r c e n t  t h o r i a t e d  t u n g s t e n  r o d  3.2 mm i n  d i a m e t e r  and  a p p r o x i -  
m a t e l y  190 mm i n  l e n g t h  w i t h  t h e  t i p  i n i t i a l l y  g r o u n d  t o  a 30" h a l f  a n g l e .  
s t e e l  c o m p r e s s i o n  t y p e  gas f i t t i n g  was u s e d  t o  f e e d  t h e  c a t h o d e  t h r o u g h  t h e  r e a r  i n s u l a t o r ,  a d j u s t  
t h e  a r c  gap ,  and l o c k  t h e  c a t h o d e  i n t o  p o s i t i o n .  T h i s ,  i n  t u r n ,  was h e l d  i n  p l a c e  b y  a t h r e a d e d ,  
c e n t e r - d r i l l e d  h o l d i n g  b o l t .  A g r a p h i t e  f o i l  g a s k e t  was i n s e r t e d  be tween  t h e  r e a r  i n s u l a t o r  and  t h e  
f i t t i n g  t o  g i v e  a g a s - t i g h t  s e a l .  
The p r o p e l l a n t  t u b e  e n t e r e d  t h r o u g h  t h e  s i d e  o f  t h e  r e a r  i n s u l a t o r  t h r o u g h  a f i t t i n g  and  
t h r e a d e d  i n t o  a c y l i n d r i c a l  s t a i n l e s s  s t e e l  a n c h o r .  The a n c h o r  was c e n t e r - d r i l l e d  t o  d l l o w  passage  
o f  b o t h  t h e  c a t h o d e  and  an i n s u l a t i n g  a l u m i n a  s l e e v e .  T h i s  a r r a n g e m e n t  s e r v e d  t o  i s o l a t e  t h e  e l e c -  
t r o d e s  f r o m  t h e  p r o p e l l a n t  t u b e .  
o f  t h e s e  w i l l  b e  d e s c r i b e d  i n  t h e  n e x t  s e c t i o n .  The n o z z l e s  s l i p p e d  i n t o  a s t a i n l e s s  s t e e l  anode 
A m o d i f i e d  s t a i n l e s s  
Each n o z z l e  i n s e r t  was m a c h i n e d  f rom 2 p e r c e n t  t h o r i a t e d  t u n g s t e n  r o d .  The i n t e r n a l  d i m e n s i o n s  
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1 .  
I .  
h o u s i n g  w h i c h  a l s o  h e l d  t h e  i n j e c t i o n  d i s k  and t h e  f r o n t  i n s u l a t o r .  G r a p h i t e  g a s k e t s  were p l a c e d  
be tween  eaLh componen t .  The i n j e c t i o n  d i s k  p r o v i d e d  t a n g e n t i a l  p r o p e l l a n t  i n j e c t i o n  t o  e s t a b l i s h  
s w i r l  i n  t h e  f l o w  t o  s t a b i l i z e  t h e  a r c .  The f r o n t  i n s u l a t o r  was d r i l l e d  t o  cen te r -  t h e  c a t h o d e  i n  
t h e  a r c  chamber and r e c t a n g u l a r  s l o t s  w e r e  mach ined  a l o n g  t h e  l e n g t h  u f  i t s  e x t e r i o r .  t o  a l l o w  f o r  
p r o p e l  1 a n t  pas s ; ige .  
The r e a r  i n s u l a t o r  c o n t a i n e d  an i n c o n e l  s p r i n g  and  a c o m p r e s s i o n  p l u n g e r .  T h i s  a s s e m b l y  and  
t h e  anode h o u s i n g  were  h e l d  t o g e t h e r  b y  two s t a i n l e s s  s t e e l  o r  molybdenum f l a n g e s .  When mated ,  t o l -  
e r a n c e s  were  s u c h  t h a t  t h e  s p r i n g  f o r c e d  c o m p r e s s i o n  o f  i n t e r n a l  s e a l s  and m a x i m i z e d  v o r t e x  s t r e n g t h .  
B o t h  t h e  f r o n t  and  r e a r  i n s u l a t o r s  were  made from h i g h  p u r i t y  b o r o n  n i t r i d e .  
TEST F A C I L I T I E S  
A l l  t e s t s  i n v o l v i n g  t h r u s t  measurements were  p e r f o r m e d  i n  vacuum Tank 8 l o c a t e d  i n  t h e  E l e c t r i c  
Power L a b o r a t o r y  a t  t h e  NASA L e w i s  R e s e a r c h  C e n t e r .  T h i s  vacuum t a n k  i s  1 . 5  m i n  d i a m e t e r  and 5 m 
l o n g .  Pumping was p r o v i d e d  b y  f o u r  (30,000 LPS) o i l  d i f f u s i o n  pumps, backed  b y  a r o t a r y  b l o w e r  and  
two m e c h a n i c a l  r o u g h i n g  pumps. Pumping speeds w e r e  such  t h a t  t h e  a m b i e n t  p r e s s u r e  m a i n t a i n e d  was 
a p p r o x i m a t e l y  0 .65  Pa ( 5 x 1 0 - 4  t o r r )  a t  t h e  h i g h e s t  p r o p e l l a n t  mass f l a w  r a t e .  
were  t a k e n  u s i n g  a c a l i b r a t e d  d i s p l a c e m e n t  t y p e  t h r u s t  s t a n d  t h a t  has been d e s c r i b e d  e l s e w h e r e  i n  
d e t a i l . 1 2  
o n  a w a t e i . - c o o l e d  s u p p o r t .  T h i s  c o n f i g u r a t i o n  e f f e c t i v e l y  e l i m i n a t e d  t h e r m a l  d r i f t .  C a l i b r a t i o n  o f  
t h e  s t a n d  was p e r f o r m e d  b o t h  b e f o r e  and a f t e r  each t e s t  r u n .  
T h r u s t  measuremen ts  
The e n t i r e  s t a n d  was e n c l o s e d  i n  a w a t e r - c o o l e d  c o p p e r  s h r o u d  arid t h e  a r c j e t  was moun ted  
A r c j e t  b u r n - i n  was c a r r i e d  o u t  i n  a v e r t i c a l  b e l l  j a r  0 . 4 6  m i n  d i a m e t e r  and 0 . 6 4  m i n  l e n g t h .  
Pumping i n  t h e  b e l l  j a r  was p r o v i d e d  b y  a 21 ,000  LPM (730 C F H )  m e c h a n i c a l  r o u g h i n g  pump. A t  t h e  mass 
f l o w  r a t e s  u s e d  i n  t h i s  s t u d y ,  t h e  pump m a i n t a i n e d  an a m b i e n t  p r e s s u r e  o f  a p p r o x i m a t e l y  100 Pa 
( 0 . 7 5  t o r r ) .  
I n  b o t h  f a c i l i t i e s ,  h y d r o g e n l n i t r o g e n  m i x t u r e s  were  used  as t h e  p r o p e l l a n t .  The m i x t u r e  r a t i o  
was f i x e d  a t  2 t o  1 to  s i m u l a t e  f u l l y  decomposed h y d r a z i n e .  The gases were s u p p l i e d  by  s t a n d a r d  
t h e r m a l  c o n d u c t i v i t y  t y p e  mass f l ow  c o n t r o l l e r s .  B o t h  mass f l o w  r a t e  and p r o p e l l a n t  m i x t u r e  r a t i o  
m u s t  be known a c c u r - a t e l y  t o  o b t a i n  a c c u r a t e  p e r f o r m a n c e  measuremen ts .  A c a l i b r a t i o n  t a n k  was 
i n s t a l l e d  i n  t h e  Tank 8 f l o w  s y s t e m  and i n - s i t u  f l ow  m e t e r  c a l i b r a t i o n s  were  done p r i o r  t o  t e s t i n g  t o  
i n s u r e  t h a t  a c c u r a t e  r e a d i n g s  were  o b t a i n e d .  
-- POWER PRGCESSING AND MONITORING 
P u l s e - w i d t h  m o d u l a t e d  power p r o c e s s i n g  u n i t s  d e s i g n e d  by  G r u b e r l O  arid r u n  w i t h  s t a n d a r d  l a b o r a -  
t o r y  dc s u p p l i e s  w e r e  used  i n  a l l  t e s t s .  The d e s i g n  i n c o r p o r a t e d  a h i g h  v o l t a g e  p u l s e  g e n e r a t o r  f o r  
a r c j e t  s t a r t i n g  and f a s t  c u r r e n t  r e g u l a t i o n .  A H a l l  e f f e c t  c u r r e n t  p r o b e  was used  t o  measure  t h e  
c u r r e n t  i n p u t  t o  t h e  a r c j e t .  A s e p a r a t e  d c  power s u p p l y  and  s h u n t  were  used  t o  c a l i b r a t e  t h i s  p r o b e  
b e f o r e  each  n o z z l e  t e s t .  The o u t p u t  o f  t h e  p r o b e  s y s t e m  was f e d  t o  a d i g i t a l  r e a d o u t  and  t o  a n  
e i g h t - c h a n n e l  s t r i p  c h a r t  r e c o r d e r .  V o l t a g e  measurements were t a k e n  where  t h e  power l e a d s  f e d  i n t o  
t h e  vacuum t a n k .  The measuremen ts  were t a k e n  b o t h  w i t h  an i s o l a t e d  d i g i t a l  m u l t i m e t e r  and a c r o s s  a 
1 O : l  v o l t a g e  d i v i d e r  whose o u t p u t  was f e d  t o  t h e  r e c o r d e r -  t h r o u g h  an i s o l a t i o n  a m p l i f i e r  w i t h  u n i t y  
g a i n .  
EXPERIMENTAL PROCEDURE AN0 OPERATING PARAMETERS 
The t e s t s  were  d e s i g n e d  t o  i n v e s t i g a t e  t h e  e f f e c t s  o f  a n o d e / n o z z l e  y e o m e t r y  o n  t h e  o p e r a t i n g  
c h a r a c t e r i s t i c s  and  p e r f o r i n a n c e  o f  low power a r c j e t  t h r u s t e r s  c u r r e n t l y  b e i n g  c o n s i d e r e d  f o r  NSSK o n  
g e o s y n c h r o n o u s  c o m m u n i c a t i o n s  s a t e l l i t e s .  F i v e  d i f f e r e n t  n o z z l e  g e o m e t r i e s  w e r e  t e s t e d  and a r e  
d e s c r i b e d  i n  d e t a i l  i n  t h e  n e x t  s e c t i o n .  P r e v i o u s  l a b o r a t o r y  t e s t i n g  has shown t h a t  a r c j e t  
t h r u s t e r s  o f t e n  r e q u i r e  an e x t e n d e d  b u r n - i n  p e r i o d  t o  o b t a i n  s t a b l e ,  s t e a d y  s t a t e  o p e r - a t i o n . 1 6  
l i g h t  O f  t h i s ,  each  n o z z l e  was p u t  i n t o  an a r c j e t  w i t h  a f r e s h l y  g r o u n d  c a t h o d e  and  t h e  t h r u s t e r  was 
t h e n  i n s t a l l e r 1  i n  t h e  b e l l  j a r  f o r  b u r n - i n .  I n  each  case  t h e  a r c j e t  was r u n  u n t i l  s t a b l e  o p e r a t i o n  
was o b t a i n e d .  I n  a l l  cases  b u t  o n e ,  t h e  b u r - n - i n  p e r i o d  was a t  l e a s t  30 h r .  The o n e  e x c e p t i o n  was 
caused  b y  power s u p p l y  l i m i t a t i o n s  t h a t  w i l l  b e  d i s c u s s e d  i n  t h e  n e x t  s e c t i o n .  
I n  
F o l l c i w i n y  b u r n - i n ,  t h e  a r c j e t s  were  i n s t a l l e d  o n  t h e  t h r u s t  s t a n d  f o r  t e s t i n g .  A s  w i t h  b u r n - i n ,  
a l l  t h r u s t e r s  e x c e p t  o n e  were  t e s t e d  a t  t h r e e  mass f l ow  r a t e s  be tween  5x10-5 and 4x10-5  k g / s e c  w h i c h  
r e p r e s e n t s  t h e  r a n g e  o f  f l o w  r a t e  t y p i c a l  o f  a s a t e l l i t e  b lowdown p r o p e l l a n t  s y s t e m .  The one  excep-  
t i o n  was not r u n  b e c a u s e  o f  power p r o c e s s o r  l i m i t a t i o n s .  T y p i c a l l y ,  a r c  c u r r e n t s  b e t w e e n  8 and  12 A 
w e r e  u s e d  ( i n  1 A i n c r e m e n t s ) .  The l o w e r  l i m i t  was chosen  because  o f  s t a b i l i t y  c o n c e r n s  w h i l e  t h e  
u p p e r  l i m i t  was s e t  b y  e i t h e r  power  p r o c e s s o r  l i m i t a t i o n s  or  a r c j e t  t h e r m a l  c o n s i d e r a t i o n s  d e p e n d i n g  
o n  t h e  a r c j e t  o p e r a t i n g  c h a r a c t e r i s t i c s .  The mass f low c o n t r o l l e r s ,  t h e  c u r r e n t  p r o b e ,  and  t h e  
t h r u s t  s t a n d  were  c a l i b r a t e d  b e f o r e  each  t e s t .  
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RESULTS AND DISCUSSION 
ANODE / NO2 2 LE GFObIE T R  I E S 
The o b j e c t i v e  o f  t h i s  s t u d y  was t o  examine  t h e  e f f e c t s  o f  n o z z l e l a n o d e  g e o m e t r y  o n  t h e  o p e r a t i n g  
c h a r a c t e r i s t i c s  o f  t h e  low power d c  a r c j e t  t h r u s t e r .  S p e c i f i c a l l y ,  t r e n d s  were  s o u g h t  t o  a i d  i n  
f u t u r e  a r c j e t  y e o i n e t r y  o p t i m i z a t i o n .  To t h i s  end ,  f i v e  n o z z l e s  were  d e s i g n e d  and f a b r i c a t e d .  C r o s s -  
s e c t i o n a l  s c h e m a t i c s  o f  t h e  n o z z l e  g e o m e t r i e s  a r e  shown i n  F i g s .  2 ( a )  t o  ( e ) .  These g e o m e t r i e s  w e r e  
chosen  t o  p r o v i d e  i n f o r m a t i o n  o n  a w i d e  r a n g e  o f  d e s i g n  o p t i o n s  w h i l e  m a i n t a i n i n g  a r e a s o n a b l e  t e s t  
m a t r i x  and m a c h i n i n g  r e q u i r e m e n t s .  A d e t a i l e d  d i s c u s s i o n  o f  each  i s  y i v e n  b e l o w .  Where p o s s i b l e ,  
d a t a  from p r e v i o u s  t e s t s  i s  a l s o  p r e s e n t e d  where  i t  p e r t a i n s  t o  n o z z l e  o p e r a t i o n .  
NOZZLE A 
F i g u r e  2 ( a )  shows a c r o s s - s e c t i o n a l  s c h e m a t i c  o f  t h e  g e o m e t r y  f o r  n o z z l e  A w h i c h  was c h o s e n  as 
t h e  b a s e l i n e  f o r  t h i s  s t u d y .  T h i s  n o z z ! e ,  as a l l  i n  t h e  s e t ,  was mach ined  from 2 p e r c e n t  t h o r i a t e d  
t u n g s t e n  r o d .  B o t h  t h e  c o n v e r g i r i y  and  d i v e r g i n g  s e c t i o n s  were  c o n i c a l  w i t h  h a l f  a n g l e s  of 30° a n d  
20"  r e s p e c t i v e l y .  The i n l e t  d i a m e t e r  t o  t h e  c o n v e r g i n g  s e c t i o n  was 6 . 4  mm i n  d i a m e t e r  t o  m a t c h  t h e  
i n n e r  d i a m e t e r  o f  t h e  i n j e c t i o n  d i s k .  The c o n s t r i c t o r  was 0 . 6 4  mm i n  d i a m e t e r  and  0 . 2 6  mm i n  l e n g t h  
and was t h e  sdme i n  a l l  n o z z l e s  t o  remove t h e  e f f e c t  o f  c o n s t r i c t o r  g e o m e t r y .  The a r e a  r a t i o  ! e x i t  
a r e a : t h r o a t  a r e a )  w a s  2 2 5 .  
T h i s  d e s i g n  was chosen  a s  t h e  b a s e l i n e  because  o f  e x t e n s i v e  p r i o r  e x p e r i e n c e  w i t h  i t  i n  o u r  
l a b o r a t o r y .  The n o z z l e  i n l e t  and o u t l e t  a n g l e s  h a v e  been used  e x t e n s i v e l y  i n  o t h e r  a r c j e t  
t e s t s 6 v 1 l  , 1 2 , 1 6 , 1 7  and  h a v e  p r o d u c e d  r e l i a b l e ,  c o n s i s t e n t  o p e r a t i o n .  
o u s l y  r e f e r e n c e d  s t u d i e s  o n  low Re f l o w s  have  i n d i c a t e d  t h a t  a 20" h a l f - a n g l e  o n  t h e  d i v e r g e n t  s i d e  
i s  a good t r a d e - o f f  be tween  t h e  f r i c t i o n  l o s s e s  t a k e n  a t  l esse r .  a n y l e s  and t h e  d i v e r g e n c e  losses 
t a k e n  a t  y r e a t e r   angle^.^^^^^ W h i l e  t h e  a r e a  r a t i o  f o r  t h i s  n o z z l e  i s  s i g n i f i c a n t l y  g r e a t e r  t h a n  
t h o s e  j u d g e d  o p t i m a l  i n  e a r l i e r  w 0 r k , ~ 5 . 2 0  u n p u b l i s h e d  work  p e r f o r m e d  i n  our' l a b o r a t o r y  has shown 
t h a t  a r c j e t  o p e r a t i n g  i h a r a c t e r i s t i c s  a r e  i n f l u e n c e d  s i g n i f i c a n t l y  b y  t h e  l o c a t i o n  o f  a r c  a t t a c h -  
m e n t ,  and t h a t  a r e a  r a t i o  does n o t  s t r o n g l y  a f f e c t  p e r f o r m a n c e  i n  t h e  o p e r a t i n g  r a n g e  o f  i n t e r e s t  i n  
t h i s  s t u d y .  H i t h  t h e  e x c e p t i o n  o f  t h e  a r e a  r a t i o .  t h e  d i m e n s i o n s  o f  t h e  b a s e l i n e  n o z z l e  a r e  t h e  
same as  t h o s e  f o r  a f l i g h t - t y p e  t h r u s t e r  c u r r e n t l y  u n d e r  d e v e 1 0 p m e n t . l ~  
A l so ,  a number o f  t h e  p r e v i -  
NOZZLE B 
N o z z l e  8, shown i n  F i g .  2 ( b ) ,  had  t h e  same c o n f i g u r a t i o n  o n  t h e  d i v e r g e n t  s i d e  as t h e  b a s s l i n e  
n o z z l e .  To d e m o n s t i ' a t e  t h e  e f f e c t  o f  g e o m e t r y  i n  t h e  s u b s o n i c  r e g i o n ,  w h i c h  has  beeci shown t o  
a f f e c t  p e r f o r m a n c e  i n  gas dynamic  l a s e r  n o z z l e s  ( s e e ,  f o r  e x a m p l e ,  R e f .  3 7 ) ,  t h i s  n o z z l e  was made 
w i t h  a n  u p s t r e a m  b e l l - s h a p e d  c o n t o u r .  The r a d i u s  o f  c u r v a t u r e  was 2 . 5 4  mm measured  f rom t h e  c e n t e r -  
l i n e  as  shown i n  t h e  f i g u r e .  
NOZZLES C AND D 
N o z z l e s  C and  D a r e  shown i n  F i g s .  2 ( c )  and  ( d )  r e s p e c t i v e l y .  B o t h  a r e  i d e n t i c a l  t o  t h e  base -  
l i n e  n o z z l e  u p s t r e a m  o f  t h e  c o n s t r i c t o r  e x i t .  The downs t ream c o n t o u r s  were  a t r u m p e t  shape  f o r  noz -  
z l e  C a n d  a b e l 1  shape f o r  n o z z l e  D. An e a r l y  s t u d y  i n d i c a t e d  a s l i g h t  p e r f o r m a n c e  a d v a n t a g e  f o r  t h e  
t r u m p e t  n o z z l e  i n  low Re f l o w s 2 0  w h i l e  a r e c e n t  s t u d y  has s u g g e s t e d  a r c j e t  p e r f o r m a n c e  i n  t h e  3 0  kW 
r a n y e  may be s l i y h t l y  i m p r o v e d  b y  a b e l l - s h a p e d  n 0 z z l e . ~ 8  The b e l l  n o z z l e  was m a c h i n e d  to  h a v e  t h e  
same downs t ream c o n t o u r -  t h a t  n o z z l e  B had  u p s t r e a m  and t h e  a r e a  r a t i o  was t h e  same as  t h a t  o f  n o z z l e s  
A and 8 .  The t r u m p e t  h a d  a r a d i u s  o f  6 . 4  mm measured  as shown i n  F i g .  2 ! c ) .  The a r e a  r a t i o  i n  t h i s  
case  i s  m o r e  d i f f i c u l t  t o  d e f i n e  t h a n  i n  t h e  p r e v i o u s l y  d e s c r i b e d  cases  because  t h e  n o z z l e  c o n t o u r  
b l e n d s  t a n g e n t i a l l y  i n t o  t h e  f r o n t  f a c e  o f  t h e  t h r u s t e r .  However ,  t h e  d r a w i n g  shows t h a t  i s  n o t  much 
d i f f e r e n t  t h a n  t h a t  o f  t h e  b a s e l i n e .  
NOZZLE E 
A s  shown i n  F i g .  2 ! e ) ,  n o z z l e  E had  b e l l  c o n t o u r s  b o t h  up and  downs t ream.  The c o n t o u r  o n  each  
s i d e  was i d e n t i c a l ,  w i t h i n  m a c h i n i n g  t o l e r a n c e s ,  t o  t h o s e  o f  n o z z l e s  B and  D .  
ARCJET OPERATING CHARACTERISTICS AND PERFORMANCE 
D a t a  t a k e n  from each  t e s t  c a s e  a r e  t a b u l a t e d  i n  T a b l e  I .  The v o l t a g e  c u r r e n t  c h a r a c t e r i s t i c s  
f o r  t h e  f i v e  n o z z l e s  a r e  p l o t t e d  i n  F i g .  3 .  F o r  c l a r i t y ,  t h e  f i g u r e  p r e s e n t s  o n l y  d a t a  t a k e n  a t  t h e  
h i g h e s t  litass f l ow  r a t e .  
t e s t s .  O t h e r  measuremen ts  used  t o  e v a l u a t e  n o z z l e  o p e r a t i n g  c h a r a c t e r i s t i c s  a n d  p e r f o r m a n c e  a r e  
shown i n  F i g s .  4 to  6 .  
o f  power - to -mass  f l o w  r a t e .  
c i e n c y  v e r s u s  s p e c i f i c  p o w e r .  
S i m i l a r  t r e n d s  were  o b s e r v e d  i n  b o t h  t h e  m i d d l e  and  t h e  low mass f l ow  r a t e  
F i g u r e  4 shows s p e c i f i c  i m p u l s e  v e r s u s  s p e c i f i c  power ,  d e f i n e d  a s  t h e  r a t i o  
F i g u r e  5 shows e f f i c i e n c y  v e r s u s  s p e c i f i c  i m p u l s e  and  F i g .  6 g i v e s  e f f i -  
4 
ORIGINAL PAGE IS 
OF POOR QUALITY 
I n  t h e  i i . ( . j t ? t  t h r u s t e r - ,  vi11 t a g e  d r o p  o c c u r s  a c r o s s  t h r e e  d i s t i n c t  r e g i o n s ,  t h e  c a t h o d e  a t t a c h -  
ment  zone  ( c a t h o d e  f a l l ) ,  t h e  a r c  i t s e l f ,  dnd  t h e  anode a t t a c h m e n t  zone  ( a n o d e  f a l l ) .  Because o f  
t h i s ,  t h e  t o t a l  v o l t a g e  i s  depender i t  iiii t : m d i t i o n >  d t  t h e  L d t h d e  t i p .  i n  t h e  n o z z l e ,  and a l o n g  t h e  
c o n s t r ' i c t c , l -  and  i s  dn i i i t l i i a t o r '  o f  t h e  d l . i : j e t  o p e r i i t i n y  mode. F i g u i - e  3 shows t h a t  d l l  cases  d i s -  
p l a y e d  t y p i c a l  b e h a v i o l .  f i i r  i i r c j e t s  o p e r a t i n g  i n  t h i s  r-ange o f  power and mass f l o w  r a t e .  !n each  
c a s e  t h e  v o l t a g e  d e c r r a s e d  g r a d u a l l y  w i t h  i n c r e a s i n g  c u r r e n t  ( a t  f i x e d  m a s s  f l o w  r a t e !  w i t h  no e x c u r -  
s i o n s  t h a t  w o u l d  i n d i c a t e  a change i n  o p e i - a t i n g  mode. 111 a p i - o p e r - l y  o p e r a t i n y  a i - c j e t  t h e  anode 
a t t a c h m e n t  occu i ' s  i n  t h e  d i v e r g e n t  s e c t i o n  of t h e  n o z z l e .  T h i s  i s  c a l l e d  h igh -mode  o p e r a t i o i l  and  
a p p e a r e d  t o  o c c u r  i n  a l l  t e s t s  s i n c e  none o f  t h e  a r c j e t s  r a n  a t  t h e  v e r y  low v o l t a g e s  (40 t o  50 V )  
i n d i c a t i v e  o f  low mode o p e r a t i o n ;  i . e . ,  where t h e  a r c  a t t a c h e s  i n  t h e  h i g h  p r e s s u r e  r e g i o n  u p s t r e a m  
o f  t h e  c o n ~ t r i c t o i - . ~  V i s u a l  o b s e r v a t i o n  c o n f i r m e d  t h a t  t h e  a r c  a p p e a r e d  t o  a t t a c h  i n  t h e  d i v e r g e n t  
s e c t i o n .  
The d d t d  i n  F i g .  3 appe i i r  t o  t d l l  i n  t h r -ee  d i s t i n c t  r e g i ( > f i s .  N o z z l e  C ( t r u m p e t - s h a p e d  down- 
s t r e a m )  r a n  a t  s i g n i f i c a n t l y  h i g h e r  v o l t a g e s  t h a n  t h e  o t h e r s  w h i l e  n o z z l e s  A and  B ( c o n i c a l - s h a p e d  
d o w n s t r e a m )  r a n  a t  m o d e r a t e  v o l t a g e s .  The t w o  n o z z l e s  w i t h  t h e  b e l  1-shaped downst i -eam c o n t o u r s  
( D  and  E )  r a n  a t  v e r y  low v o l t a g e s  compared t o  t h e  o t h e r s .  
An e v a l u a t i o n  o f  t h e  d n t d  t a k e n  f o r  t h i s  r e p o r t  and  t h e  l i t e t e s t  d a t a  r e f e r e n c e d  p r e v i o u s l y 1 6  
i n d i c a t e s  t h a t  t h e  o b s e r v e d  e f t e c t s  can  be s e p a r a t e d  and c l a s s i f i e d  a s :  ( 1 )  u p s t r e a m  c o n t o u r  
e f f e c t s ,  ( 2 )  d o w n s t r e a m  c o n t o u r  e f f e c t s ,  and  ( 3 )  c o n s t r i c t o r  e f f e c t s .  These w i l l  b e  d i s c u s s e d  i n  
t h e  f o l l o w i n g  s e c t i o n s .  
UPSTREAM LO~~TOUR E F F E C l s  
The e f t e c t  o f  u p s t r e a m  yeumet t -y  was s t u d i e d  b y  c o m p a r i n g  r e s u l t s  f r o m  n o z z l e s  A and  E, and  D 
and  E ,  where  t h e  i o n v e r y e n t  s ? c t i o n  g e o m e t r y  d i f f e r e d  f o r  each  p a i r  b u t  t h e  c o n s t r i c t o r  and d i v e r g e n t  
s e c t i o n  y e o m e t r - i e s  were t h e  same. Each p a i r  c o n s i s t e d  o f  d n e  n o z z l e  w i t h  a c o n i c a l  c :onvergent  con -  
t o u r  and  one w i t h  a b e l  I - s h a p e d  c o n v e r g e n t  c o n t o u r  ( r e f e r  t o  F i g .  2). These r e p r e s e n t  a v e r y  w i d e  
v a r i a t i o n  i n  g e o m e t r y  a s  t h e  cone a n g l e  ( i r i  n o z z l e s  A and D )  was t h e  min imum a l l o w e d  b y  t h e  c a t h o d e  
t i p  and  t h e  bell c o n t o u r  ( i n  n o z z l e s  E and E )  had  a r e l a t i v e l y  s h a r p  c o r n e r  a t  t h e  c o n s t r i c t o r  
e n t r a n c e .  The d i f f e r e n c e s  i n  o p e r a t i n y  c h a r a c t e r i s t i c s  b e t w e e n  p a i r s  was ve l - y  l a r g e  b u t  t h e  d i f f e r -  
ence w i t h i n  each  p a i r  was n e a r l y  i d e n t i c d l .  I n  each  case  t h e  n o z z l e  w i t h  t h e  c o n i c a l  c o n t o u r  r a n  
a b o u t  I O  V d i f f e r e n t  t h a n  t h e  n o z z l e  w i t h  t h e  b e l l - s h a p e d  c o n t o u r  a t  t h e  same c u r r e n t  and  mass f l o w  
r a t e .  E v e r y  d t t e i n p t  w d s  made t o  cen te r .  t h e  c a t h o d e ,  h o l d  m a c h i n i n g  t o l e r a n c e s ,  and  s e t  i d e n t i c a l  a r c  
y a p s .  D u p l i c a t i n g  g e o m e t r y  e x a c t l y  f r o m  c a s e  to  c a s e  was d i f f i c u l t  b e c a u s e  o f  t h e  e x t r e m e l y  s m a l l  
d i m e n s i o n s  i n v o l v e d ,  and t h e  l a r g e  v d r i d n c e  i n  anode geometr 'y. G i v e n  t h i s ,  i t  i s  d o u b t f u l  t h a t  t h e  
d i f f e r e n c e s  w i t h i n  p a i r s  a r e  h i g h l y  s i g n i f i c a n t .  The p l o t s  d i s p l a y e d  i n  F i g .  4 show t h e  p e r f o r m a n c e  
o f  n o z z l e s  0 and E ,  as  nieasui.ed b y  t h e  s p e c i f i c  i m p u l s e  v e r s u s  t h e  s p e c i f i c  p o w e r ,  t o  be n r a r l y  i d e n -  
t i c a l .  The f i g u i - e  a l s o  show5 t h a t  s p e c i f i c  i m p u l s e  from n o z z l e  B a c t u a l l y  was s l i y h t l y  b e l o w  t h a t  
o f  n o z z l e  A (it a g i v e n  s p e c i f i c  power, even t h o u g h  t h e  v o l t a y e  r a n  h i g h e r  tor- a g i v e n  c u r r e n t  a t  con -  
s t a n t  mass f l o w  r a t e .  T h i s  d i f t e r e n c e ,  h o w e v e r ,  i s  l i k e l y  n o t  s t a t i s t i c a l l y  s i g n i f i c a n t .  
The t a c t  t h a t  t h e  u p s t r e a m  cuntour .  does n u t  h a v e  a l a r g e  e f t e c t  o n  t h e  a r c j e t  o p e r a t i n g  c h a r a c -  
t e r i s t i c s  i s  pei 'h, ips n o t  s u r p r i s i n y  g i v e r i  t h e  g e o m e t r y  o f  t h e  a r c j e t  and p a s t  o b s e r v a t i o n s .  P r e v i -  
ous  work has shown t h a t  t h e  a1.i c r i g i n a t e s  f ro in  a s m d l l  d e p r e s s i c i n  i n  a m o l t e n  p o o l  a t  t h e  c a t h o d e  
t i p  ( s e e .  tal- t x i i m p l e ,  R e f s .  1 1  an l l  1 6 )  5 i n c e  t h e  i n n d i t i n n s  d t  t h e  i a t h o d e  t i p  wpre s i m i l a r .  i n  
each  t e s t  i t  i s  i i o u b t f u l  t h a t  t h e  I d t t i o d e  f a l l  wt )u ld  v a r y  imuch f r m  t e s t  t o  t e 5 t .  A m a g n i f i e d  v i e w  
o f  t h ?  t i p  r t l g iL ,n  i s  g i v e n  i n  F i g .  7 .  T h i 5  shows t h e  o r i y i n a !  i a t h o d e  c o n f i y u r a t i u n s  and  t h e  e r o -  
s i o n  a f t ? r  i n  t h e  I000 h r  l i f e t e s t  r e c e l i t l y  c o m p l e t e d . l b  A s  t h e  mdxinium o p e r a t i n g  t i m e  on t h e  a rc -  
j e t s  d i s c u s s e d  above  w d j  a b o u t  110 hi.,  t h e  a c t u a l  t i p  c o n f i g u r a t i o n  w o u l d  l i e  somewhere be tween  t h e  
i n i t i a l  g e o m e t r y  and  t h e  p o s t - t e s t  g e o m e t r y  o f  t h e  t i p  u s e d  i n  t h e  l i f e t e s t .  O t h e r  r e s e a r c h ,  t o  be 
d i s c u s s e d  in mor? d e t a i l  b e l o w ,  ha5 shown t h a t  111 a r c j e t s  w i t h  c o n i c a l  d i v e i - g i n y  s e c t i o n s ,  t h e  a r c  
a t tac .hes  p i - e t t ? r e n t i J l  1 4  downstr -edm o f  t h e  ( o n s t t - i c t o r  e x i t  i n  t h e  low p r e s s u r - e  r e g i o n  o f  t h e  noz -  
z l e .  T h i s ,  t;iken w i t h  t h e  a t ~ o v e - i n e r i t i o l ~ f d  v b s e r v a t i u n s  t h i l t  t h e  a r c  o r i g i n a t e s  from a v e r y  s ina l1 
s p o t  a t  t h e  c a t h o d e  t i p ,  s u g g e s t s  t h e  d iamete r '  o f  t h e  r l r c  3 t  t h e  c o n s t r i c t o r  e n t r a n c e  i s  s m a l l  com- 
p a r e d  to  t h e  c o r i s t ! , i c t o i '  d i a m e t e r  and  so s h o u l d  n o t  be g r o s s l y  d f f c c t e d  b y  ups t r r?am i o n d i  t i o n s .  
DOWNS T R E Ab1 CON TOU R E r F EC T S 
N o z z l e s  A ,  C ,  and  D were  use t i  t o  examine  t h e  e f t e c t  o f  downst i -ea in c o n f i g u r a t i o n  o n  t h e  a r c j e t  
o p e r a t i n g  C h d l - d c t e r i S t i c S  and p e r f o r m a n c e .  I n  t h e s e  n o z z l e s ,  t h e  u p s t r e a m  c o n f i y u r a t i o n  and con -  
s t r i c t o r  d i m e n s i o n s  were  h e l d  c o n s t a n t .  The d i v e r g e n t  s e c t i o n s  w e r e  c o n i c a l ,  t r u m p e t - s h a p e d ,  and  
b e l l - s h a p e d ,  r e s p e c t i v e l y .  A s  n o t e d  p r e v i o u s l y ,  t h e s e  n o z z l e s  r a n  a t  v e r y  d i f f e r e n t  v o l t a g e s  
( F i g .  3 ) .  R e c e n t  d a t a  f r o m  o t h e r  t e s t s  h a v e  shown t h a t ,  i n  c o n i c a l  a r c j e t  n o z z l e s ,  t h e  anode a t t a c h -  
men t  o c c u r s  p r e f e r e n t i a l l y  i n  t h e  l o w  p r e s s u r e  r e g i o n  o f  t h e  d i v e r g e n t  s e c t i o n  downs t ream o f  t h e  con -  
s t r i c t o r  e x i t .  T h i s  r e s e a r c h  a l s o  showed t h a t  t h e  o p e r a t i n g  v o l t a g e  i n c r - e a s e s  when t h e  anode a t t a c h -  
men t  zone  i s  t o r c e d  b a c k  i n t o  t h e  h i g h e r  p r e s s u r e  r e y i o n  n e a r  t h e  c o n s t r i c t o r  e x i t .  T h i s  i n d i c a t e s  
a n  i n c r e a s e  i n  t h e  anode f a l l  v o l t a g e  t h a t  more t h a n  compensa tes  f o r  t h e  loss  o f  v o l t a g e  from t h e  
5 
s h o r t e r  a r c .  S i m i l a r  b e h a v i o r  was a l s o  a p p a r e n t  i n  t h e  d a t a  t a k e n  u s i n g  n o z z l e  C. From F i g .  2 ( c )  
i t  can  b e  seen t h J t  t h e  t r u m p e t  shape has a s m a l l  d i v e r g e n c e  a n g l e  f o l l o w i n g  t h e  c o n s t r i c t o r  e x i t  
b e f o r e  r a p i d l y  e i p d n d i n g .  I t  i s  l i k e l y  t h a t  t h i s  g e o m e t r y  f o r c e d  t h e  a t t a c h m e n t  i m m e d i a t e l y  down- 
s t r e a m  o f  t h e  c o n s t r i c t o r .  t h u s  a c c o u n t i n g  fo r  t h e  h i g h e r  v o l t a g e  a t  a g i v e n  c u r r e n t  and mass f low 
r a t e .  A lowei .  c u r r e n t  f o r  J g i v e n  power' l e v e l  i s  d e s i r a b l e  t o  m i n i m i z e  power p r o c e s s o r  w e i g h t .  
E x a m i n a t i u n  o f  p e r f o r m a n c e  and  e f f i c i e n c y  i n  F i g s .  4 t o  7 ,  h o w e v e r ,  i n d i c a t e s  t h a t  t h e  e x t r a  power 
f r o m  t h e  h i y h e r  v o l t a g e  a t  f i x e d  c u r r e n t  and  mass f l o w  r a t e  i s  l o s t  t o  t h e  anode f a l l  zone  and  goes 
t o  h e a t i n g  t h e  n o z z l e  r a t h e r  t h a n  i n t o  h e a t i n g  t h e  p r o p e l l a n t .  When compared t o  t h e  b a s e l i n e  n o z z l e ,  
t h e  t r u m p e t  shape p r o d u c e d  a s p e c i f i c  i m p u l s e  a p p r o x i m a t e l y  20 sec l o w e r  a t  a g i v e n  s p e c i f i c  p o w e r .  
I n  e v e r y  c a s e  t h e  e f f i c i e n c y  i s  s i g n i f i c a n t l y  l o w e r  a t  e i t h e r  c o n s t a n t  s p e c i f i c  i m p u l s e  o r  s p e c i f i c  
p o w e r .  
An o p p o s i t e  v o l t a g e  t r e n d  was o b s e r v e d  w i t h  t h e  b e l l - s h a p e d  n o z z l e .  T h i s  n o z z l e  r a n  a t  a v e r y  
low v o l t a g e  compared t o  t h e  b a s e l i n e  n o z z l e .  The d a t a  s u g g e s t s  t h a t  t h e  anode a t t a c h m e n t  zone ,  as  i n  
t h e  case  o f  t h e  t i - umpe t  n o z z l e ,  a l s o  was l o c a t e d  v e r y  c l o s e  t o  t h e  c o n s t r i c t o r  e x i t .  Because o f  t h e  
sudden gas e x p a n s i o n  i n  t h i s  r e g i o n ,  t h e  s t r e a m  i s  o f  r e l a t i v e l y  low p r e s s u r e  and  so t h e  anode s h e a t h  
v o l t a g e  s h o u l d  b e  low. I n  t h i s  o p e r a t i n g  mode t h e  a r c  l e n g t h  i s  l e s s  t h a n  t h a t  o f  t h e  b a s e l i n e  n o z -  
z l e .  Thus,  w i t h  l e s s  a r c / g a s  i n t e r a c t i o n .  b o t h  l o w e r  p e r f o r m a n c e  and  e f f i c i e n c y  a r e  e x p e c t e d  w i t h  
t h e  b e l l - s h a p e d  n o z z l e  compared t o  t h e  b a s e l i n e  n o z z l e .  T h i s  i s  e v i d e n t  from t h e  p l o t s  o f  F i g s .  3 
t o  6 .  I t  s h o u l d  b e  n o t e d  t h a t  t h e  low o p e r a t i n g  v o l t a g e  of t h e  b e l l - s h a p e d  n o z z l e s  l i m i t e d  t h e  r a n g e  
o f  s p e c i f i c  power t h a t  c o u l d  b e  t e s t e d  as t h e  power s u p p l i e s  and  t h r u s t e r s  used  i n  t h i s  s t u d y  w e r e  
d e s i g n e d  f o r  a inaximum c u r r e n t  o f  1 2  A .  S t i l l ,  t h e  u p p e r  end o f  t h e  t e s t  r a n g e  f o r  t h e  b e l l - s h a p e d  
n o z z l e s  d i d  o v e r l a p  t h e  l o w e r  end of t h e  t e s t  r a n g e  o b t a i n e d  w i t h  t h e  b a s e l i n e  n o z z l e s ,  as  can  be 
seen i n  F i g .  4 .  From t h e  f i g u r e ,  i t  i s  a p p a r e n t  t h a t  t h e  b e l l - s h a p e d  c o n t o u r  r e s u l t e d  i n  much l o w e r  
s p e c i f i c  i m p u l s e  t h a n  t h e  b a s e l i n e  c o n t o u r - .  F u r t h e r m o r e ,  t h e  p l o t s  i n  F i g s .  5 and  6 show t h a t  t h e  
e f f i c i e n c y  f o r  t h e  n o z z l e s  w i t h  b e l l - s i l d p e d  d i v e r g e n t  c o n t o u r s ,  b o t h  a s  a f u n c t i o n  o f  s p e c i f i c  
i m p u l s e  and  s p e c i f i c  p o w e r ,  was s i g n i f i c a n t l y  l o w e r  t h a n  t h a t  o b t a i n e d  from a n y  o t  t h e  o t h e r  n o z z l e s  
t e s t e d .  
CONSTRICTOR EFFECTS 
A f i n a l  o b s e r v a t i o n  i s  made based  o n  i n f o r m a t i o n  o b t a i n e d  i n  t h e  a r c j e t  l i f e t e s t  d e s c r i b e d  i n  
R e f .  1 6 .  T e s t s  p e r f o r m e d  t o  s t u d y  t h e  low R e  f lows i n  gas dynamic  l a s e r s  h a v e  i n d i c a t e d  t h a t  t h e  
r a d i u s  o t  c u r v a t u r e  and  s h a r p n e s s  o f  t h e  c o r n e r  a r e  i m p o r t a n t  t o  n o z z l e  o p e r a t i n g   characteristic^.^^ 
A l s o ,  w i n d  t u n n e l  measuremen ts  h a v e  shown t h d t  w a l l  r o u g h n e s s  a f f e c t s  low R e  f l o w . 4 0  These f a c t o r s ,  
h o w e v e r ,  d i d  n o t  seem t o  h a v e  much a f f e c t  o n  t h e  o p e r a t i o n  o f  t h e  low power  a r c j e t  u s e d  i n  t h e  a r c j e t  
l i f e t e s t .  F i y u r e s  8 < a )  t o  ( d )  show t h e  n o z z l e  f o r  t h i s  a r c j e t  b e f o r e  and  a f t e r  t h e  1000 h r  l i f e -  
t e s t .  The n o z z l e  was s i m i l a r  t o  n o z z l e  A o f  t h e  p r e s e n t  s t u d y  e x c e p t  i t s  c o n s t r i c t o r  was 0 .13  mm 
l o n g e r .  From t h e  f i g u r e s ,  t h e r e  was an o b v i o u s  change i n  shape  and  i n c r e a s e  i n  r o u g h n e s s  i n  t h e  con -  
s t r i c t o r  r e g i o n  c a u s e d  b y  m o l t e n  t u n g s t e n .  S t i l l ,  measurements t a k e n  b e f o r e ,  d u r i n g ,  a n d  a f t e r  t h e  
t e s t  showed n o  s i g n i f i c a n t  v a r i a t i o n  i n  p e r f o r m a n c e .  
CONCLUDING REMARKS 
S e v e r a l  n o z z l e s  w e r e  t e s t e d  t o  s t u d y  t h e  e f f e c t s  o f  u p s t r e a m  and  downs t ream c o n t o u r i n g  o n  a r c j e t  
t h r u s t e r  p e r f o r m a n c e .  These n o z z l e s  were  t e s t e d  o v e r  t h e  r a n g e  o f  s p e c i f i c  power e x p e c t e d  f o r  NSSK 
o n  a g e o s y n c h r o n o u s  c o m m u n i c a t i o n s  s a t e l l i t e .  S t a b l e  o p e r a t i o n  was o b t a i n e d  w i t h  a l l  o f  t h e  n o z z l e s  
a n d  b o t h  t h e  v o l t a g e - c u r r e n t  c h a r a c t e r i s t i c s  and  v i s u a l  o b s e r v a t i o n s  i n d i c a t e d  t h a t  t h e  a r c  r a n  i n  
h i g h  mode i n  a l l  c a s e s .  The u p s t r e a m  c o n t o u r  had  l i t t l e  e f f e c t  o n  t h e  o p e r a t i n g  c h a r a c t e r i s t i c s  and  
p e r f o r m a n c e  o f  t h e  d e v i c e .  The same c o n c l u s i o n  was r e a c h e d  r e g a r d i n g  c o n s t r i c t o r  l i p  g e o m e t r y  and  
r o u g h n e s s  from e x a m i n a t i o n  o f  p a s t  l i f e t e s t  d a t a .  I n  c o n t r a s t ,  t h e  downs t ream g e o m e t r y  was f o u n d  t o  
h a v e  a s u b s t a n t i a l  e f f e c t  o n  p e r f o r m a n c e .  T h i s  was f o u n d  t o  be due  t o  t h e  e f f e c t  o f  downs t ream geom- 
e t r y  o n  t h e  l o c a t i o n  and  c h a r a c t e r i s t i c s  o f  t h e  a r c  a t t a c h m e n t  r e g i o n  i n  t h e  anode .  The r a p i d  expan-  
s i o n  o t  t h e  b e l l - s h a p e d  n o z z l e  i m m e d i a t e l y  downs t ream o f  t h e  c o n s t r i c t o r  f o r c e d  t h i s  a t t a c h m e n t  i n t o  
a r e g i o n  n e a r  t h e  c o n s t r i c t o i .  e x i t  and l e d  t o  r e l a t i v e l y  low v o l t a g e  o p e r a t i o n  t h a t  y i e l d e d  p o o r  p e r -  
f o r m a n c e .  The low v o l t a g e  a l s o  i n d i c a t e d  t h a t  t h e  p r e s s u r e  i n  t h e  a t t a c h m e n t  zone  was low fo r  t h e  
b e l l  shape .  The t r u m p e t - s h a p e d  n o z z l e  a l s o  f o r c e d  t h e  a r c  t o  a t t a c h  n e a r  t h e  c o n s t r i c t o r  e x i t .  I n  
t h i s  c a s e ,  h o w e v e r ,  t h e  h i g h  p r e s s u r e  n e a r  t h e  c o n s t r i c t o r  e x i t  f o r c e d  h i g h  v o l t a g e  o p e r a t i o n .  T h i s  
mode o f  o p e r a t i o n  was l e s s  e f f i c i e n t  t h a n  t h e  b a s e l i n e  c a s e  a l t h o u g h  t h e  p e r f o r m a n c e  d e g r a d a t i o n  was 
n o t  as s e v e r e  as  i t  was f o r  t h e  b e l l - s h a p e d  n o z z l e .  
The b a s e l i n e ,  c o n i c a l  n o z z l e  p r o d u c e d  t h e  b e s t  p e r f o r m a n c e .  The l a c k  o f  i m p r o v e m e n t  o v e r  t h e  
b a s e l i n e  n o z z l e  f o r  t h e  o t h e r  g e o m e t r i e s  t e s t e d  i n d i c a t e s  t h a t ,  i n  t h e  n e a r  t e r m ,  s m a l l  changes  i n  
cone d i v e r g e n c e  a n g l e  and  a r e a  r a t i o  o f  t h e  b a s e l i n e  c o n i c a l  d e s i g n  may b e s t  s e r v e  t o  o p t i m i z e  p e r -  
f o r m a n c e .  The a d d i t i o n  o f  t h e  a r c  p l a s m a  t o  t h e  low Re f l o w  makes n o z z l e  o p t i m i z a t i o n  i n  t h e  a r c j e t  
a d i f f i c u l t  p r o b l e m .  
a r c  a t t a c h m e n t  i n  t h e  s u p e r s o n i c  s e c t i o n  of t h e  n o z z l e  s i n c e  t h e  p o i n t  o f  a r c  a t t a c h m e n t  i n  t h i s  
r e g i o n  seems t o  h a v e  a s i g n i f i c a n t  e f f e c t  o n  a r c j e t  p e r f o r m a n c e .  
F u t u r e  i n v e s t i g a t i o n s  s h o u l d  f o c u s  on t h o s e  f a c t o r s  t h a t  a f f e c t  t h e  p o i n t  of 
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'1 CATHODE- DISK 
Figure 1. - Cutaway view of arcjet thruster. 
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I .  
(a) Baseline conical nozzle. 
Figure 2. - Nozzle configurations. 
(c) Downstream trumpet-shaped 
Figure 2. - Continued. 
ozzl 
(d) Downstream bell-shaped nozzle. 
Figure 2. - Continued. 
(b) Upstream bell-shaped nozzle. 
Figure 2. - Continued. 
(e) Upstream/Downstream bell-shaped nozzle. 
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Figure 3. - Current - voltage characteristics 
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Figure 4. - Isp versus specific power. 
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Figure 6. - Efficiency versus specific 
power. 
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Figure 7. - Electrode position in baseline nozzle 
configuration. 
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Ir 100 prn ' 
(b) SEM of convergent side of anode (post test). 
I 
(c) SEM of constrictor (post test) 
I 
I 
- ,.I mm 
(a) Photomicrograph of converging side of anode (pretest). (d) SEM of divergent side of anode (post test). 
Note. divergent side similar. 
Figure 8. - Pre- and post test anode conditions of 1000 hr life-test anode. (Taken from reference 16). 
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